N-terminal methionine excision (NME) is the earliest modification affecting most proteins. All compartments in which protein synthesis occurs contain dedicated NME machinery. Developmental defects induced in Arabidopsis thaliana by NME inhibition are accompanied by increased proteolysis. Although increasing evidence supports a connection between NME and protein degradation, the identity of the proteases involved remains unknown. Here we report that chloroplastic NME (cNME) acts upstream of the FtsH protease complex. Developmental defects and higher sensitivity to photoinhibition associated with the ftsh2 mutation were abolished when cNME was inhibited. Moreover, the accumulation of D1 and D2 proteins of the photosystem II reaction center was always dependent on the prior action of cNME. Under standard light conditions, inhibition of chloroplast translation induced accumulation of correctly NME-processed D1 and D2 in a ftsh2 background, implying that the latter is involved in protein quality control, and that correctly NME-processed D1 and D2 are turned over primarily by the thylakoid FtsH protease complex. By contrast, inhibition of cNME compromises the specific N-terminal recognition of D1 and D2 by the FtsH complex, whereas the unprocessed forms are recognized by other proteases. Our results highlight the tight functional interplay between NME and the FtsH protease complex in the chloroplast.
INTRODUCTION
Most proteins are modified at their N termini by enzymes that attach or remove small molecules; these events are known to regulate many crucial cellular processes. Such modifications may reflect or affect the status, fate, and function of the protein (Giglione et al., 2004; Walling, 2006; Meinnel and Giglione, 2008) . The earliest N-terminal modification corresponds to cotranslational excision of the initiating Met (Schmitt et al., 1996) , with approximately two thirds of the protein in a given proteome processed this way (Martinez et al., 2008) . Dedicated N-terminal Met excision (NME) machinery has been found in all organisms and in all cell compartments in which protein synthesis occurs: cytoplasm, mitochondria, and plastids. In the cytosol, the initiating Met of nascent proteins is unformylated and is processed directly by Met aminopeptidase (METAP). By contrast, in the chloroplasts and mitochondria, the initiating Met is originally N-formylated. Before a dedicated organellar METAP can act, deformylation of the ;80 chloroplast-encoded open reading frames by a prokaryotic-like peptide deformylase (PDF) is required (Giglione et al., 2004; Meinnel et al., 2006) . Two PDFs have been identified in plants: mitochondrion-targeted PDF1A and PDF1B, which are targeted to both mitochondria and plastids (Giglione et al., 2000; Dirk et al., 2001) . Only PDF1A has been found in humans and other animals (Giglione et al., 2000; Nguyen et al., 2003; Serero et al., 2003; Lee et al., 2004) , and a PDF3 was identified in trypanosomatids (Bouzaidi-Tiali et al., 2007) . Note that the many proteins encoded by the nuclear genome, which are further imported in the plastids, are not processed by the chloroplastic NME (cNME) but rather by a dedicated transit stromal peptidase.
The NME process has long been considered constitutive. Interestingly, accumulating evidence supports both transcriptional and posttranscriptional control of NME activity (Giglione et al., 2004) . In plants, PDF1B expression is strongly induced in developing flowers and leaves, whereas both PDF1B and PDF1A are stress-responsive genes in Arabidopsis thaliana (Giglione et al., 2004 ). An epigenetic increase in At-PDF1A levels, which leads to partial targeting to the chloroplast, was observed in a pdf1b genetic background . By contrast, At-PDF1B fully compensates for the lack of At-PDF1A in a pdf1a knockout mutant. The reason for such intricate physiological regulation of NME enzymes and its influence on global NME processes remain poorly understood. However, evidence suggests that NME, regardless of the cellular compartment involved, is essential in all organisms; thus, its regulation must be important (Giglione et al., 2004) .
The NME pathway has been linked to targeting proteins for degradation (Meinnel et al., 2006) . Genetic and pharmacological studies revealed that inhibition of NME activity in vivo leads to the destabilization of several central proteins of either plastid or mitochondrial proteomes Bouzaidi-Tiali et al., 2007; Moon et al., 2008; Escobar-Alvarez et al., 2010) . Moreover, organellar NME inhibition induces a cascade of events that impair the biogenesis of the entire compartment as well as the development of the whole organism. This effect was attributed to the extreme sensitivity of certain essential plastidencoded proteins to the lack of NME Serero et al., 2003) . For example, the core photosystem II (PSII) reaction center proteins D1 and D2 are more rapidly degraded on retention of the N-terminal Met (N-Met) . In addition, recent bioinformatics and proteomics analyses have revealed that most cytosolic proteins undergoing N-terminal ubiquitination retain their N-Met and that many proteins with N-Met residues are poorly accumulated Martinez et al., 2008) . Furthermore, the cytoplasmic NME is essential for normal growth and development of Arabidopsis. NME orchestrates a crosstalk between two fundamental signaling pathways that are frequently deregulated under pathological conditions: thiol status and proteolysis (Ross et al., 2005; Frottin et al., 2009) . In all studied compartments, the developmental defects induced by NME inhibition seem to be caused by increased cellular proteolytic activity, primarily induced by an increase in the number of proteins targeted for rapid degradation (Frottin et al., 2009) . Although increasing evidence supports the close connection between NME and protein degradation, nothing is known about the associated proteolytic machinery that works downstream of the cNME process. Studies in Chlamydomonas reinhardtii suggest that N-terminal-unprocessed D1 and D2 components of PSII are degraded via a caseinolytic protease P (ClpP)-independent proteolytic pathway . In addition to Clp, the plastid contains many other proteases, including FtsH, Lon, and Deg Adam et al., 2006; Sakamoto, 2006; Huesgen et al., 2009; , that might be involved in this process. For instance, in vitro and in vivo studies have implicated the thylakoid FtsH protease in the degradation of PSII subunits during its repair after photoinhibition (Lindahl et al., 2000; Bailey et al., 2002; Sakamoto et al., 2002; Komenda et al., 2006; Kato et al., 2007; Komenda et al., 2010) , as well as in the biogenesis of chloroplasts (Chen et al., 2000; Takechi et al., 2000; Sakamoto et al., 2002; Sakamoto et al., 2003; Zhang et al., 2010) .
Because NME and the FtsH protease complex act on common substrates, and because both affect chloroplast biogenesis, we challenged the hypothesis that cNME enzymes and the thylakoid FtsH complex operate sequentially in the same enzymatic cascade. To this end, we crossed the pdf1b mutant with the ftsh2 mutant, which contains reduced levels of the thylakoid FtsH protease complex (Sakamoto, 2003; Zaltsman et al., 2005b) . Our results support the molecular basis of a tight functional interplay between NME enzymes and the thylakoid protease FtsH complex.
RESULTS

Chloroplast Development Promoted by FtsH Depends on Prior Action of cNME
We have previously shown that when N-formyl-Met is not properly processed, either because of a mutation in the PDF1B gene or inhibition of the enzyme by a specific PDF inhibitor (such as actinonin), the steady state level of PSII core proteins (e.g., D1 and D2), is lower than in controls. This is due to an increased rate of degradation of the D1/D2 proteins ; however, this "protein quality control" is not mediated by the stromal Clp protease. In search of a protease responsible for this degradation, we crossed the ftsh2 (also known as var2) knockout mutant, which features reduced levels of the thylakoid FtsH protease complex (Sakamoto, 2003) , with the well-characterized mutants of the organellar NME pathway pdf1b and pdf1a . T2 BASTA-resistant seedlings were genotyped by PCR (see Supplemental Figure 1 online), and homozygous double mutants were selected. Surprisingly, in all pdf1b ftsh2 double mutants (isolated from more than 10 independent genetic crosses) grown at either 50 or 100 mE m 22 s 21 , the variegated phenotype of ftsh2 was entirely suppressed, and these double mutants closely resembled the single mutant pdf1b both in size and pigmentation (Figures 1A and 1B; see Supplemental Figure 2A online) . Immunoblot analysis using specific antibodies confirmed the expected absence of PDF1B in the single pdf1b and double pdf1b ftsh2 mutants ( Figure 1C ). Three proteins, with different compartmental localizations, were analyzed as controls (PDF1A, RbcL, and NMT1 for mitochondria/ chloroplast, chloroplast, and cytoplasm localization, respectively) ( Figure 1C ). No variation in either PDF1A or NMT1 levels was observed in pdf1b, ftsh2, and double pdf1b ftsh2 mutants. The somewhat lower levels of these proteins in the wild type are likely due to the fact that the wild type accumulates a higher level of the large subunit of RuBisco (RbcL), the most abundant protein in plant cells. Other chloroplast controls, such as cytochrome f and the light-harvesting complex of PSII (LHCII), displayed the same behavior as RbcL. Quantification of these bands showed changes of comparable magnitude. Interestingly, in the ftsh2 background, the level of PDF1B was upregulated compared with the wild type, suggesting that the FtsH complex operates downstream of PDF1B in a common pathway. Immunoblots were obtained with an antibody recognizing all four isomers of the thylakoid FtsH complex (i.e., FtsH1, FtsH2, FtsH5, and FtsH8) (Zaltsman et al., 2005b) . Thus, the faint band in the ftsh2 sample represents the remaining FtsH complex, featuring FtsH1, FtsH5, and FtsH8, and not a residual accumulation of FtsH2 in the mutant line. Why the double mutant contains more FtsH than the single ftsh2 mutant remains unclear, but it might be another manifestation of the strong interrelation between these pathways.
Suppression of the variegated phenotype of ftsh2 by genetic knockout of PDF1B implied that chemical inhibition of this enzyme should have a similar effect on the ftsh2 mutant. Indeed, seedling growth on plates containing 5 mM actinonin, a wellcharacterized chloroplast PDF-specific inhibitor (Serero et al., 2001) , led to the disappearance of variegation of the ftsh2 mutant ( Figure 1D ). By contrast, pdf1b and pdf1b ftsh2 mutants could not survive in the presence of 0.5 mM actinonin (see Supplemental Figure 3 online), further highlighting the requirement of PDF activity in the chloroplast. The dramatic effect of either PDF1B mutation or inhibition of its activity on the variegated phenotype of ftsh2 raised the question of whether a knockout of pdf1a would have the same effect. Homozygous mutants among 2 of 16
The Plant Cell (A) Photographs of 3-week-old plants corresponding to the wild type (wt), pdf1b, and ftsh2 single mutants and the double mutant pdf1b ftsh2, grown for 1 week in soil in a greenhouse under standard light conditions. The mutant progenies of pdf1b, ftsh2, pdf1b ftsh2, and the wild type were obtained from the self-pollination of heterozygous pdf1b PDF1B ftsh2 FtsH2 generated by crossing the single pdf1b and ftsh2 mutants (two different pdf1b ftsh2 double mutants are shown). Homozygosis was confirmed by PCR analysis of genomic DNA (see Supplemental Figure 1 online).
(B) Photographs of 6-week-old plants corresponding to the wild type, pdf1b, and ftsh2 single mutants and the double mutant pdf1b ftsh2, grown for 4 weeks in soil in a greenhouse under standard light conditions. The mutant progenies of pdf1b, ftsh2, pdf1b ftsh2, and the wild type were obtained as described in (A).
(C) Immunoblot analysis of proteins isolated from 30 mg of 2-week-old seedlings corresponding to the wild type, pdf1b, and ftsh2 single mutants and the double mutant pdf1b ftsh2 grown as described in (B). Total proteins (25 mg) were probed using anti-PDF1B, anti-FtsH, anti-PDF1A, anti-NMT1, anticytochrome f, anti-LHCII, and anti-RbcL antibodies. MW, molecular weight.
(D) Photographs of 3-week-old plants corresponding to the wild type and ftsh2 single mutant were grown on 1% Suc medium (see Methods) in the absence or presence of 5 mM actinonin in a growth chamber at 228C, 16 h of daylight, and a light intensity of 100 mE m À2 s À1 .
the progeny of a cross between pdf1a and ftsh2 were identified by PCR (see Supplemental Figure 1B online), but they were visually indistinguishable from ftsh2 (see Supplemental Figure 2B online). This suggests that pdf1a and ftsh2 do not operate in the same pathway, which agrees with their different localizations: chloroplast for FtsH2 and mitochondria for PDF1A (Giglione et al., 2000) . Taken together, these results strongly suggest that, in the context of chloroplast biogenesis, the thylakoid FtsH protease complex operates downstream of PDF1B. Because PDF inhibition does not affect the rate of protein synthesis , the suppression effect associated with PDF inhibition shown here is therefore induced by a mechanism clearly uncoupled from protein synthesis inhibition Koussevitzky et al., 2007; Miura et al., 2007; Yu et al., 2008; Zhang et al., 2009; Liu et al., 2010) .
Characterization of D1 and D2 Accumulation in Young and Fully Expanded Leaves
Because of the suggested interplay between PDF1B and the FtsH complex, and because the D1 and D2 subunits of PSII are known substrates of both the NME process and FtsH, we tested how D1 and D2 levels are affected by altered levels of both PDF1B and the FtsH complex. The overall degree of variegation has been shown to depend on environmental conditions and leaf developmental stage (Zaltsman et al., 2005a; Sakamoto et al., 2009) . Moreover, in the pdf1b background, accumulation of D1 and D2 increases during development. This is a consequence of PDF1A protein relocalization to the chloroplast, which is induced by an epigenetic increase of its expression in the pdf1b background . In this context, we investigated the accumulation of D1 and D2 polypeptide chains in young and fully expanded leaves (3-and 6-week-old, respectively). Immunoblot analyses on all four genetic backgrounds revealed that, consistent with previous reports (Bailey et al., 2002; Giglione et al., 2003; ), D1 and D2 levels in the young leaves of all three mutants were lower than in the wild type, with ftsh2 most strongly affected ( Figure 1E ). Here again, similar to the visual phenotypes, the pdf1b mutation in the background of ftsh2 restored D1 and D2 levels to those of the single pdf1b mutant. In fully expanded leaves, D1 levels in the three mutant backgrounds were higher than those observed in young leaves, but lower than in the wild type ( Figure 1E , right panels). D2 levels in the pdf1b and pdf1b ftsh2 variants were similar to those in the wild type. The D2 levels in fully expanded leaves of ftsh2 were higher than those in young leaves but still lower than in the wild type ( Figure 1E ).
Chemical Inhibition of Chloroplastic Deformylation Triggers
Identical Effects on D1 and D2 Accumulation Promoted by pdf1b Knockout in a ftsh2 Background
The higher levels of D1 and D2 observed in the double mutant pdf1b ftsh2 compared with the single mutant ftsh2 implied that chemical inhibition of PDF1B activity by actinonin should have a similar effect on the ftsh2 mutant. We thus performed an immunoblot analysis to monitor the steady state levels of D1 and D2 in the four genotypes, grown in the presence of actinonin concentrations able to affect any of the genotypes either positively or negatively (Figure 2 ; see Supplemental Figures 3A and 3B online). In the wild type, D1 and D2 levels were unaffected at low concentrations of actinonin (<5 m). At actinonin concentrations of 5 to 10 m, the level of remaining D1 (but not D2) was reduced slightly (;75% of the control) ( Figure 2B ). The protein level was progressively reduced concomitantly with an increased concentration of actinonin for both D1 and D2 (see Supplemental Figure 3B online). Progressive reduction of both D1 and D2 levels as a function of actinonin concentration has been already reported in Giglione et al. (2003) . These data are in full agreement with the expectation that the wild-type plants in the presence of actinonin mimic the situation in the pdf1b mutant. A 0.25-m concentration of actinonin (instead of 50 mM for the wild type), which almost completely blocks deformylation in both the pdf1b and pdf1b ftsh2 backgrounds, led to reduced accumulation of both D1 and D2 ( Figure 2B ; see Supplemental Figure 3B online). In the absence of FtsH2 and the presence of actinonin, the levels of NME-unprocessed D1 and D2 polypeptide chains were similar in the double mutant pdf1b ftsh2 and in the single mutant pdf1b. However, the levels of NMEunprocessed D1 and D2 polypeptide chains were clearly higher in the double mutant pdf1b ftsh2 than in the single mutant pdf1b in the presence of 0.5 mM actinonin (see Supplemental Figure 3B online). These data suggest that accumulation of the NMEunprocessed forms of D1 and D2 partially require FtsH2 (see Supplemental Figure 4A online). In agreement, both D1 and D2 levels increased more than twofold when the ftsh2 mutant was treated with actinonin at a concentration that suppresses variegation ( Figure 2B ). As expected, D1 and D2 levels in the ftsh2 mutant at the actinonin concentration that induces greening (up to 5 mM) approached those of the untreated double mutant pdf1b ftsh2. (E) Immunoblot analysis was performed using anti-D1 and anti-D2 antibodies to quantify the protein levels in the wild type, pdf1b, and ftsh2 single mutants and the double mutant pdf1b ftsh2 under standard light conditions. Membrane proteins were extracted from 3-week-old (A) and fully expanded leaves (B). Signals from each immunoblot were quantified and normalized using Quantity One 1-D Analysis Software (Bio-Rad, see Methods). The protein level in the wild type was taken as 100%. Values are means of three biological replicates and 9 to 11 technical replicates, and error bars indicate SD. Asterisks indicate the error probability as performed with a two-tailed Student's t test (*, <0.05; **, <0. To characterize the relationship between NME and FtsH further, we investigated the effect of inhibiting chloroplast translation in the variants using lincomycin, a known inhibitor of translation elongation in prokaryotes. Increasing amounts of lincomycin can be used to adjust levels of protein synthesis and, as a result, the coupling between protein synthesis and degradation in the various genetic backgrounds. Lincomycin at concentrations of 100 mM or higher, which completely block protein synthesis in organelles, has a lethal effect on all seedlings, whereas no effect was observed on the wild-type, pdf1b, and pdf1b ftsh2 mutants at concentrations of 20 mM or lower ( Figure 3A ). By contrast, sublethal concentrations of lincomycin suppressed the variegation phenotype of ftsh2, as previously reported for other chloroplast protein-synthesis inhibitors ( Figure 3A ; see Supplemental Figure 5A online) (Yu et al., 2008) . These data are consistent with the differences in chlorophyll content detected in the four genotypes as a function of lincomycin concentration ( Figure 3B ; see Supplemental Figure 5B online), in which opposite tendencies were observed in the ftsh2 and the pdf1b ftsh2 mutants.
We next used immunoblot analysis to investigate D1 and D2 accumulation with increasing concentrations of lincomycin in all genotypes. High concentrations of the protein-synthesis inhibitor (up to 50 mM) induced a proportionally reduced accumulation of D1 and D2 in the wild type, pdf1b, and pdf1b ftsh2 mutants (see Supplemental Figure 5C online). Reduced accumulation of D1 and D2 was also observed in the ftsh2 mutants treated with high concentrations of lincomycin, whereas a different behavior was observed at low concentrations of the drug. For instance, in all mutant plants grown under standard light conditions (100 mE m 22 s 21 ), reduction in protein synthesis by long exposure of the plants to 20 mM lincomycin, which is the concentration that maximally suppresses the variegated phenotype in the ftsh2 mutant, did not induce significant changes in D1 or D2 polypeptide accumulation in the wild type, pdf1b, or pdf1b ftsh2 mutants (A) Membrane proteins of each genotype were isolated from 3-week-old seedlings grown in the absence or presence of 5 m actinonin for the wild type (wt) and ftsh2 mutant and 0.25 m actinonin for the pdf1b and pdf1b ftsh2 mutants (see Supplemental Figure 3A online); 25 mg membrane proteins were separated by 12% SDS-PAGE, and accumulation of D1 and D2 was estimated by immunoblot analysis. The CBB-stained gels are shown just below their respective immunoblots. The stained portions of the gels were used to calculate the normalization coefficient for the equal loading of the samples. (B) Relative volume intensities of D1 and D2 for one representative immunoblot after normalization are shown in arbitrary units (a.u) (Top). Data show the induction fold of D1 and D2 between different treatments, generated from four biological replicates. The values after normalization are reported as a percentage of the value of D1 or D2 corresponding to each genotype in the absence of actinonin, taken as 100% (error bars indicate SD) (Bottom). Asterisks indicate the error probability as performed with a two-tailed Student's t test (*, <0.05; **, <0.01).
[See online article for color version of this figure.] NME and FtsH Requirement in Chloroplast Biogenesis 5 of 16 compared with untreated plants ( Figure 3C ). By contrast, partial inhibition of protein synthesis by lincomycin resulted in an approximately threefold increase in levels of both D1 and D2 in the ftsh2 mutant. When NME and the FtsH complex are fully active, as in the wild type, partial reduction of protein synthesis does not affect D1 or D2 accumulation. This is also the case when either the NME pathway is affected or both proteolytic processes (i.e., NME and protein degradation by the FtsH complex) are inhibited, as in the pdf1b and pdf1b ftsh2 mutants, respectively. Conversely, when the N-Met of D1 is correctly processed by NME in the absence of FtsH2, D1 accumulates to high levels; however, the protein synthesis is constantly partially inhibited. These data suggest that when protein synthesis is slowed, the N-terminally processed D1 and D2 polypeptide chains are primarily degraded by the FtsH complex, which ensures their quality control (see Supplemental Figure 4B online). Under the same conditions but without deformylation, accumulation of N-formyl D1 or D2 is independent of the level of the FtsH complex ( Figure 3C ; see Supplemental Figure 4B online). Therefore, accumulation of the unprocessed form of D1 (A) Wild type (wt), pdf1b and ftsh2 single mutants, and the double mutant pdf1b ftsh2 were grown on 1% Suc medium (see Methods) in the absence or presence of increasing concentrations of lincomycin in a growth chamber at 228C, 16 h of daylight, and a light intensity of 100 mE m À2 s À1 for 3 weeks.
(B) Chlorophyll content obtained from seedlings in (A). Total chlorophyll content was determined spectroscopically and was normalized to fresh weight. Total chlorophyll content for each variant in the absence of lincomycin was taken as 100%. Values are means of three biological replicates, and error bars indicate SD. Asterisks indicate the error probability as performed with a two-tailed Student's t test (*, <0.05; **, <0.01).
(C) Immunoblot analysis of the accumulation of membrane proteins D1 and D2 from each genotype in (A) in the absence or presence of 20 mM lincomycin. Total membrane proteins (25 mg) were separated by 12% SDS-PAGE. Each value in the absence of lincomycin corresponding to each genotype was taken as 100%. Values correspond to two independent experiments each consisting of 6 to 9 biological replicates originating from the measurement performed from independent leaves. Error bars indicate SD. Asterisk indicates the error probability as performed with a two-tailed Student's t test (*, <0.05). Representative immunoblots for each condition are shown. The CBB-stained gels used for normalization are shown just below their respective immunoblot.
[See online article for color version of this figure.] 6 of 16 The Plant Cell and D2 might be controlled by proteases other than the FtsH complex. Taken together, these results indicate that accumulation of the unprocessed forms of D1 and D2 is controlled by several chloroplast proteases, including FtsH2, whereas accumulation of the correctly processed forms of D1 and D2 is mainly controlled by the FtsH complex (see Discussion).
Immediate Arrest of Protein Synthesis Rapidly Decreases D2 Levels in the ftsh2 Mutant under Dark Conditions
In vivo degradation of D1 and D2 can be efficiently and reliably monitored by incubating detached leaves with their petioles in a high concentration of lincomycin for short times (e.g., between 1 and 6 h) (Bailey et al., 2002; ). This procedureunlike pulse labeling with radioactive amino acid, which is the commonly used approach to study protein turnover-has been used successfully to test the fate of D1 and D2 proteins under photoinhibitory conditions (Bailey et al., 2002) . Thus, we used this procedure to analyze D1 and D2 degradation in vivo in our four genotypes. Incubation of detached leaves from 6-week-old plants grown in the greenhouse with 5 mM lincomycin either in the dark or under low irradiation (10 to 20 mE m 22 s 21 ) for 1 h induced a strong reduction of D2 and a lesser reduction of D1 only in the ftsh2 mutant ( Figures 4A and 4B) . Indeed, after blocking protein synthesis, we observed ;50% degradation of D2 that was correctly processed at its N terminus, degradation that seemed to be driven by the lack of FtsH2 expression. The sensitivity of D2 to the ftsh2 mutation was not observed when the N-terminal region of the protein was unprocessed, suggesting that FtsH is probably not involved in the stability of unprocessed D2 in the dark, in line with results from complementary experiments (Figures 2 and 3) .
Sensitivity of pdf1b ftsh2 to High Light
Apart from the obvious but unexplained role of the FtsH protease complex in plastid differentiation, it is now well established that it participates in the PSII repair cycle by degrading subunits damaged by oxidative stress (Lindahl et al., 2000; Bailey et al., 2002; Sakamoto et al., 2002; ). Inhibition of chloroplastic deformylation also affects the repair cycle of PSII in (A) Representative protein immunoblots of the PSII core polypeptides from the different genotypes with anti-D1 and anti-D2 antibodies. Membrane proteins were extracted from untreated leaves after removal of leaf tissue from plants grown in the greenhouse (T0). Similar leaves were incubated via their petioles in 5 mM lincomycin for 1 h in the dark. After this incubation time (T1), some of these leaves were used to extract membrane proteins that were subjected to immunoblot analysis. wt, wild type. (B) Signals from immunoblot analyses as in (A) were quantified and normalized as reported in Figure 3 . Data were obtained from five biological replicates and between 10 to 15 technical replicates. To compare the relative levels of D1 and D2 proteins, the value at T0 in each genotype was set to 100%. Error bars indicate SD. Asterisks indicate the error probability as performed with a two-tailed Student's t test (**, <0.01).
[See online article for color version of this figure. ] NME and FtsH Requirement in Chloroplast Biogenesis 7 of 16 C. reinhardtii . The possible crosstalk between PDF1B and FtsH prompted us to characterize the susceptibility of the pdf1b single and double mutants to photoinhibition. We grew the four genotypes at either 50 or 500 mE m 22 s 21 for 6 weeks. Under low light, the double mutant was slightly smaller than the wild type but indistinguishable from pdf1b ( Figure 5A ). By contrast, under high light, the double mutant was pale green but not variegated; bigger than ftsh2 yet smaller than pdf1b ( Figure 5A ; see Supplemental Figure 6 online). To complement these observations, we monitored PSII activity in the plants grown under low light. After dark adaptation, PSII activity in pdf1b and pdf1b ftsh2 was similar to that in the wild type ( Figure 5B , black columns). ftsh2 grown under these conditions demonstrated lower PSII activity. After exposing these plants to high light (500 mE m 22 s 21 ) for 30 min, PSII activity in the wild type had decreased, as expected from photoinhibited plants ( Figure 5B , white columns). The ftsh2 mutant demonstrated higher sensitivity to high light, as reported previously, but pdf1b behaved just like the wild type. Notably, the double mutant was less sensitive than ftsh2 plants to photoinhibition but more sensitive than pdf1b and the wild type ( Figure 5B ). These results explain why, after prolonged exposure to high light, the double mutant is bigger than ftsh2 but smaller and paler than the wildtype or the single pdf1b mutant ( Figure 5A ). Moreover, the lack of PDF1B not only rescues the leaf variegation in ftsh2, but also partially allows it to cope better with high light intensity. This ability is also correlated with the higher level of the FtsH complex found in the double mutant compared with ftsh2 ( Figure 1C ). Taken together, our results suggest that the mutation in pdf1b suppresses not only the variegation in the ftsh2 mutant but also its sensitivity to photoinhibition under conditions of short exposure to high light. Under prolonged exposure, the double mutant showed higher sensitivity than the wild type and the pdf1b mutant and only partially suppressed developmental defects of the ftsh2 mutation.
Correctly Processed N-Terminal D1 and D2 Are Exclusively Degraded by FtsH under Photoinhibitory Conditions
Next, we examined D1 and D2 degradation under short exposure to high light. The scheme of the experiment is shown at the top of Figure 6A . Detached leaves, which had been incubated for 1 h with 5 mM lincomycin in the dark, were exposed to high light (500 mE m 22 s 21 ) for an additional 4 h in the presence of the drug. In agreement with previous reports (Bailey et al., 2002; , the level of D1 in the wild type decreased by 40% after 2 h under high light but remained stable in the ftsh2 mutant ( Figures  6B and 6C) ; the levels of the protein in the two genotypes remained unchanged for the next 2 h. D1 degradation induced by high-light treatment in the pdf1b single mutant was comparable with the wild type, which is consistent with their similar sensitivity to photoinhibition ( Figure 5B ). By contrast, in the double mutant pdf1b ftsh2, we observed mixed behavior in the wild type, pdf1b mutant, and ftsh2 mutant. Indeed, D1 was not degraded in the pdf1b ftsh2 mutant under short-term photoinhibition, suggesting involvement of the FtsH complex in the degradation of nonprocessed D1. In the pdf1b ftsh2 mutant, prolonged high-light exposure induced a decrease in D1, most (A) Four-week-old plants corresponding to the wild type (wt), the pdf1b and ftsh2 single mutants, and the double mutant pdf1b ftsh2, grown for 2 weeks on soil in the greenhouse, were transferred to a growth chamber at 228C, 16 h of daylight, and a light intensity of 20 mE m À2 s À1 (Top), then the pots were transferred to an equivalent chamber with a light intensity of 500 mE m À2 s À1 for another 2 weeks (Bottom). Photographs are taken at the same time on 8-week-old plants.
(B) For the photoinhibition experiments, 6-week-old plants corresponding to different variants grown in the greenhouse under standard light conditions were used. PSII activity, monitored as F v /F m , was measured after dark adaptation (dark columns), then again after exposing the different variants to high light (500 mE m À2 s À1 ) for 30 min (white columns). The values are means 6 SE (error bars) of eight independent experiments of each genotype.
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The Plant Cell likely via the induction of other proteases, including other components of the FtsH complex (see Supplemental Figure  4C online). This suggestion was further supported by repeating the photoinhibition experiments in the presence and absence of 0.2 mM actinonin, the lowest concentration known to affect the phenotype of pdf1b and pdf1b ftsh2 mutants and to block chloroplast deformylation completely in the two genotypes ( Figures 7A to 7C ). Under these conditions, D1 degradation was increased only in the pdf1b mutant, strongly affecting D1 accumulation when its synthesis was hindered at the ribosomal level in the dark. An increase in D1 turnover was observed after exposure to high-light conditions ( Figures 7B and 7C ). This effect was not seen in the double mutant, further confirming participation of the FtsH protease complex in degradation of the unprocessed form of D1. Similar but less pronounced effects were observed with D2.
DISCUSSION
Until very recently, the physiological function of the cotranslational NME process was unknown. It was first suggested that NME might be involved in regulating protein turnover (Arfin and The ability to degrade D1 and D2 polypeptides in vivo following light-induced damage was assayed by incubating 6-week-old detached leaves of each variant in the absence or presence of 5 mM lincomycin. Three different biological replicates and 9-11 technical replicates were used for each genotype. Leaves from T0 were exposed to high light (mE m 2 s 1 ) for 4 additional hours prior to protein preparation. (C) Signals of the immunoblot analysis were quantified and normalized as described in Methods. To compare the relative levels of D1 and D2 protein, the value at time T0 in each genotype was set to 100%. Data were obtained from five biological replicates and between 10 to 15 technical replicates. Asterisks indicate the error probability as performed with a two-tailed t test (*, <0.05; **, <0.01). Bradshaw, 1988) , and recent data provide strong support for this hypothesis. In particular, most of these data point to maintenance of the N-Met as a protein destabilization signal. Consequently, removal of the first Met should yield a set of proteins with high stability . Moreover, a combination of bioinformatics and proteomics analyses indicate that proteins containing an unprocessed and unmodified N-Met are shortlived (Ciechanover and Ben-Saadon, 2004; Meinnel et al., 2006) . Thus, unprocessed proteins in each proteome may be naturally unstable per se and tagged for rapid degradation. Retention of The ability to degrade the D1 and D2 polypeptides in vivo following light-induced damage was assayed by incubating 8-week-old detached leaves of each variant in the presence of 5 mM lincomycin and in the absence and presence of 0.2 mM actinonin (red bars). Three different biological replicates and 9-11 technical replicates were used for each genotype.
(A) Experimental setting.
(B) Immunoblot analysis was performed using anti-D1 and anti-D2 antibodies to quantify the protein levels in the wild type (wt), pdf1b, and ftsh2 single mutants and the double mutant pdf1b ftsh2. Signals were quantified and normalized as described in Methods. To compare the relative levels of D1 and D2, the value at time T0 in each genotype was set to 100%. Data were obtained from five biological replicates and between 10 to 15 technical replicates. Error bars indicate SD. * indicates an error probability (two-tailed t test) less than 0.05. (C) Representative immunoblots for each condition and genotype are shown. The equivalent upper gels used for normalization (see Methods) are shown.
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The Plant Cell the N-Met in proteins that usually undergo NME can also result in acceleration of their degradation, which implies that NME is a regulated process and that the fraction of proteins undergoing NME may vary spatially and temporally. Indeed, NME is tightly regulated, and both transcriptional and posttranscriptional mechanisms have been observed (Giglione et al., 2004) . This study attempts to demonstrate a direct link between physiologically downregulated NME and reduced half-life of proteins that retain their N-Met. Therefore, identification of the physiological conditions modulating NME levels is important to identify the actual pool of proteins whose lifespan is affected by N-Met retention and their role under these physiological conditions. Several pieces of indirect evidence corroborate this assumed relationship between NME and protein half-life. In this context, retention of the initiator Met in mutants of glutathione-S-transferase expressed in the yeast cytosol or of b-glucuronidase in plants drastically reduces their half-life in vivo (Sawant et al., 2001; Chen et al., 2002) . Inhibition of cNME induced by disruption of the PDF gene and/or drug-specific PDF inactivation decreases the steady state levels of PSII D1 and D2 polypeptides and further destabilizes the complex and the whole compartment both in A. thaliana and C. reinhardtii . This effect can be fully recapitulated by site-directed substitutions altering N-Met cleavage of the corresponding plastid target D2 protein. Very recently, it was shown that cytoplasmic NME downregulation (i.e., partial retention of the N-Met) in Arabidopsis triggers an increase in cellular proteolytic activity, initiated by an increase in the size of the pool of proteins suitable for processing Both cartoons show the architecture around the thylakoid membranes and the possible interplay between all chloroplastic proteases (Lon, ClpP, Deg, or FtsH) and D1 and D2 at the level of the PSII complex or the ribosome as a function of the NME process (PDF and METAP) and under normal or photoinhibition conditions (referred to as "High Light" in the cartoon). Note that FtsH also can be located in the thylakoid grana (Yoshioka et al., 2010) . (A) Independent of the conditions, correctly NME-processed D1 and D2 components of PSII are turned over primarily by the FtsH metalloprotease complex. (B) When the NME process is inhibited, the NME non-processed PSII subunits starting now with a N-terminal Formyl-Met-Threonine (indicated as FMetThr) appear to be recognized and degraded primarily by proteases other than the FtsH complex (dotted arrows).
[See online article for color version of this figure. ] (Frottin et al., 2009 ). This deregulation of proteolysis, driven by the increase in the free amino acid pool and NADPH depletion, perturbs the glutathione redox state and ultimately leads to the plant developmental defects observed when cytoplasmic NME is impaired. Although these studies clearly show that an N-Met may act as a signal for degradation, they also show that the N-Met, even if necessary, is not sufficient per se to confer short half-life to a given protein. Indeed, in both studied cases (chloroplast and cytoplasm), downregulation of the NME process did not affect the stability of most proteins; only a few became highly sensitive to the retention of their N-Met, such as the PSII D1 and D2 proteins. Thus, other features/modifications of the proteins on or close to their N-Met may participate in the acceleration of protein degradation. Indeed, Varshavsky and coworkers recently demonstrated that N-terminally acetylated Met residues can act as a degradation signal for several cytosolic yeast proteins via the Doa10 ubiquitin ligase (Hwang et al., 2010) . This suggests that the major role of this acetylated N-degron probably involves quality-control mechanisms and regulation of protein stoichiometries. Those authors proposed a model in which this acetylated N-degron mediates assembly-regulated protein degradation by being accessible when the protein is free but inaccessible when the protein is assembled with its counterparts. They also proposed that in the chloroplast, given the similarity of the N-formyl and N-acetyl groups, the formyl-Met functions as a formyldependent degradation signal. In contrast with this proposal, our previous data exclude the possibility of the formyl group acting as an additional signal for degradation , and other as yet unidentified elements might be important for accelerating the turnover of proteins that are normally subjected to the NME process.
In the cytoplasm of eukaryotes, N-terminal acetylated or nonacetylated Met residues may be specific signals for protein degradation, ultimately triggered by the 26S proteasome Martinez et al., 2008; Hwang et al., 2010) . By contrast, nothing is known about the degradation machinery pertinent to retention of the N-Met in the chloroplast. Plastids do not possess 26S proteasomes but instead carry prokaryoterelated ATP-dependent proteolytic machineries, with Clp, FtsH, and Lon being the major enzymes for processive degradation Sakamoto, 2006) . The overall architecture of the Clp protease complex resembles that of the multimeric 26S proteasome (Zheng et al., 2002; Sjö gren et al., 2006) . In elucidating which chloroplastic proteases are involved in the degradation of the PSII subunits sensitive to NME inhibition, we showed that this process does not involve the Clp protease . Here, we also demonstrate that the FtsH protease complex is not directly responsible for accelerated degradation of PSII subunits when they retain their N-Met. Surprisingly, our genetic analysis reveals that PDF1B acts upstream of the FtsH protease in a common pathway. The developmental defects observed in plants containing lower levels of the thylakoid FtsH complex, because of the loss of the FtsH2 protein, are abrogated by inhibition of NME. Here, we show that degradation of the D1 and D2 components of PSII by the metalloprotease FtsH requires the earlier action of the NME process. Our results are in line with recent studies in Synechocystis sp PCC6803 that also identified an important physiological role for the exposed N-terminal tail of D1 in degradation (Komenda et al., 2007) . Using mutagenesis in combination with functional assays, Komenda et al. highlighted the involvement of the exposed N-terminal tail of D1 in the selective degradation of damaged D1 during PSII repair in the cyanobacterium, suggesting an attractive model in which FtsH complexes first recognize the N terminus of damaged D1 and then degrade the damaged protein in a highly processive reaction. The question of how FtsH complexes recognize the N-terminal tail of D1 has not been answered yet. Previous studies showed that translation of D1 and D2 is arrested in the mRNA elongation phase (Klein et al., 1988; van Wijk and Eichacker, 1996; Coló n-Ló pez and Sherman, 1998; Herranen et al., 2001; Tyystjä rvi et al., 2001) . Interestingly, we found that dark conditions associated with protein synthesis inhibition caused a rapid decrease of D2 only in the ftsh2 background, because no change was detected in the wildtype, pdf1b, or pdf1b ftsh2 backgrounds. This effect has not been investigated in the ftsh2 genetic background. Indeed, many reports have addressed the relationship between D1 degradation and photoinhibition, but few have addressed the relationship between D1 degradation and low light intensity. Furthermore, there is no hypothesis on the mechanism(s) that determine D2 instability, particularly in the dark. In this context, our data suggest that, in the ftsh2 background, the turnover of N-correctly processed D2 is highly accelerated, probably because of the absence of FtsH2. We propose two nonexclusive hypotheses: i) the absence of FtsH2, which leads to lower levels of the FtsH complex, increases the proteolytic activity of other chloroplastic proteases; and ii) the FtsH complex is a chaperone for newly synthesized proteins. This second hypothesis is further supported by the chaperone activity demonstrated for the bacterial and mitochondrial FtsH homologs (Shirai et al., 1996; Suzuki et al., 1997; Schumann, 1999; Sakamoto, 2006) . We provide experimental evidence that correctly NMEprocessed N termini of D1 and D2 are indispensable for both FtsH-mediated quality control of the proteins and repair-related degradation of D1 and D2. Our results do not exclude the possibility that partially redundant pathways of D1 and particularly D2 degradation might exist, as previously proposed (Haussü hl et al., 2001; Huesgen et al., 2009 ). However, our findings indicate that FtsH-mediated D1 quality control is always dependent on the cotranslational removal of the formyl group followed by excision of the first Met by the NME process. When the NME process is inhibited, the nonprocessed PSII subunits are recognized primarily by proteases other than the FtsH complex (Figure 8) . Indeed, previous studies have pointed to the involvement of other protease(s) in degradation of unassembled D1 protein (Komenda et al., 2010) .
In evaluating the relationship between the NME process and protein degradation in chloroplasts, the thylakoid FtsH hexameric complex cannot be ignored. It is composed of two types of subunits, each encoded by a set of duplicated genes (FtsH1 and FtsH5 in type A, FtsH2 and FtsH8 in type B). Within a pair, the genes are redundant (Yu et al., 2004; , but two types of subunits must be present for the complex to accumulate, because the absence of any pair of the redundant genes is fatal (Zaltsman et al., 2005b) . Strong and weak leaf variegation are associated with mutations in FtsH2 and FtsH5, respectively, consistent with their differential abundance. In the absence of either of these proteins, the level of the complex is reduced (Sakamoto, 2003) . Thus, all attributes of the ftsh2 (var2) mutant derive from lower levels of the thylakoid FtsH complex rather than from the loss of FtsH2 itself. In this respect, successful complementation of the var2 mutant with a proteolytically inactive variant of FtsH2 suggests that, at least for the purpose of proper chloroplast biogenesis, the FtsH complex can accommodate some proteolytically inactive subunits (Zhang et al., 2010) . The remaining active subunits of FtsH8, FtsH5, and FtsH1 are apparently sufficient for normal function. In this regard, these data are reminiscent of the stromal and cyanobacterial Clp proteases, which contain ClpR subunits that are inactive homologs of the active ClpP subunits (Andersson et al., 2009; Olinares et al., 2011) . Note that these subunits are upregulated in the double mutant, as previously shown in the single mutant (Zaltsman et al., 2005b) .
At present, all suppressor genes of the ftsh-mediated variegated phenotype in Arabidopsis but one (see above) (Zhang et al., 2010) have been obtained by second-site suppressor screens Koussevitzky et al., 2007; Miura et al., 2007; Yu et al., 2008; Zhang et al., 2009; Liu et al., 2010) . Unfortunately, the possible connection between the proteins encoded by the identified suppressor genes and the FtsH protease complex in the thylakoid remains unclear. A connection between several suppressors and PDF1B apparently lies in the importance of ribosome-associated biogenesis factors in assisting protein translation . Full integration between chloroplast protein synthesis, proteolysis, and the various mutant suppressors awaits clarification.
This report highlights a direct link between the NME requirement and control of protein turnover in the chloroplast, where a specific protease recognizes the N terminus of NME substrates. This link seems to be so crucial that it governs normal chloroplast development. Future work will focus on the mechanistic details of the recognition of different N termini, modified or not, by the respective proteases in the chloroplast.
METHODS
Materials
All chemicals were purchased from Sigma-Aldrich Chimie. Lincomycin was dissolved in water, and actinonin was dissolved in methanol.
Plant Material
The original single T-DNA insertion lines were described and characterized previously Zaltsman et al., 2005b) . Both pdf1a and pdf1b lines were derived from the Wassilewskija-2 ecotype , whereas the ftsh2 mutant was in the Columbia ecotype . To eliminate any putative effect relative to the original background, all wild-type, single mutant, and double mutant Arabidopsis thaliana plants were obtained by screening the F2 generation originating from crossing the single mutants pfd1a or pf1b with ftsh2. Cosegregation between the insertions and their respective phenotypes was verified. Several independently obtained plants of the F2 generation were systematically used, the phenotypes were checked, and protein levels were measured under different conditions.
Plant Growth
Seeds were sterilized and sown on 0.53 Murashige and Skoog (SigmaAldrich Chimie) medium supplemented with 0.8% (w/v) agarose (Difco) and 1% (w/v) Suc (Sigma-Aldrich Chimie) unless otherwise stated. Petri dishes were incubated in the dark for 48 h at 48C and then transferred to a growth chamber. Next, 2-week-old plantlets corresponding to plants with two cotyledons and two small emerging true leaves were planted on soil and transferred to the greenhouse and grown at 228C with 16 h of daylight (100 mE m 22 s 21 ) for up to 5 weeks. The different Arabidopsis lines were propagated under greenhouse conditions, as previously described (Giglione et al., 2000) .
Chlorophyll and PSII Activity Measurements
Two-week-old seedlings were harvested and weighed. Leaves were ground in liquid nitrogen, and chlorophyll was extracted in 1 mL of 80% acetone. After 5 min of centrifugation at 48C, absorbance was measured at 647 and 664 nm. For PSII activity, 6-week-old plants of the four genotypes, grown under 50 mE m 22 s 21 , were dark-adapted for 10 min before or after 30 min exposure to high light intensity (1300 mE m 22 s 21 ). After dark adaptation, chlorophyll fluorescence parameters (F 0 and F m ) were measured at room temperature, and PSII activity values (F v/ F m ) were determined.
Protein Analysis
A. thaliana leaves were frozen in liquid nitrogen and disrupted in an MM 300 mixer mill (Qiagen). The procedure described by Schä gger and von Jagow (1991) was used to extract membrane proteins. Protein concentration was determined using the Bio-Rad protein assay kit, and the extracts were analyzed by SDS-PAGE or immunoblot. D1 and D2 subunits are hydrophobic proteins strongly attached to the thylakoid membrane, for which extraction procedures have been already reported to be critical and influenced by many factors (Adir and Ohad, 1988; Zhang et al., 1999) . In this context, we carefully repeated each experiment using both technical and biological replicates. Moreover, given the best performance with respect to sensitivity, dynamic range, linearity, and signal-to-noise ratio, the ECL Plex system together with Pharos FX Molecular Imager System (Bio-Rad) were chosen for immunoblot analysis. For this, 25 mg of membrane proteins were separated by 12% SDS-PAGE. After electrophoresis, the proteins were transferred to a low-fluorescent polyvinylidene difluoride membrane (GE Healthcare). Blots were blocked immediately after transfer in 5% (w/v) ECL Advance blocking reagent (GE Healthcare) in 13 PBS with 0.3% (v/v) Tween-20 for 2 h at room temperature with agitation or overnight at 48C. The blots were then incubated with the specific primary antibody used at dilutions of 1:1000 to 1:10000, depending on the antibody, overnight at 48C. The antisera against PDF1A, PDF1B, NMT1, cytochrome f, LHCII, and RbcL were described previously , and the antibodies against both D1 and D2 were provided by Agrisera. The blots were washed several times before incubation with the secondary antibody (ECL Plex goat anti-rabbit IgG-Cys5; GE Healthcare) at a dilution of 1:1000 for 2 h. The membranes were washed before drying and scanned for Cy5 on the Pharos FX Molecular Imager System (Bio-Rad). Imaging was performed using a 635-nm laser with a 695-nm band-pass filter. The images were then analyzed, and the intensity of bands was quantified using Quantity One software (Bio-Rad) according to the manufacturer's instructions. In this case, to quantify each band, we used the relative volume intensity of the band that corresponded to the total signal intensity within a defined area. Background subtraction was performed automatically by the software. Two strategies were used to normalize the immunoblot signals, and both gave the same results. In the first, each volume band intensity was normalized using the normalization coefficient obtained from the relative intensities of both RbcL and NMT1 (two known markers for chloroplast and cytoplasm compartments, respectively, whose levels are constant). In the second strategy, before proteins were transferred from gels to polyvinylidene difluoride membranes, the upper region (between 170 and 70 kD) and the lower region (between 15 and 10 kD) of the gels were cut, stained with Coomassie Brilliant Blue (CBB) solution (40% [v/v] methanol, 10% [v/v] acetic acid and 0.025% [w/v] CBB R-250), and scanned with the GS800 Imager System (Bio-Rad). The densitometry of the lanes was used as a standard for the densitometric data from the bands on the immunoblot. Relative volume intensities of immunoblot bands are shown as arbitrary units, and the same values are reported as percentages of the value of D1 or D2 corresponding to each genotype in the absence of actinonin, taken as 100%. Dealing with D1, where two bands could be identified as reported by the supplier, we measured the intensity each of the two bands separately and obtained similar results with either one or both band intensities added together. Experiments using statistical analyses were reported using SD. Statistical analyses were run with R software (http://cran.cict.fr/).
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: At PDF1A, At1g15390.1; At PDF1B, At5g14660.1; At FTSH2, At2g30950.1.
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